C for 2 h. In addition, the catalytic efficiency and reusability of co-immobilized 7a-HSDH and 7b-HSDH was improved. The TCDCA conversion of the co-immobilized enzymes onto EP-0.5-C was increased approximately 45%, compared to the conversion of the co-immobilized enzymes onto EP. The TCDCA conversion of the co-immobilized enzymes on EP-0.5-C remained at 83.72 AE 0.66% after seven successive cycles. These findings suggest that crowding and charge of the microenvironment can significantly improve the properties of the immobilized enzyme.
Introduction
Enzymes are versatile and highly effective biological catalysts in the chemical, pharmaceutical, and food industries, deriving benets from the environment and economies of scale. Nevertheless, when enzymes are used in their native form, their activities may be hampered by such features as their low operational stability, high costs, and poor reutilization.
2 To overcome these barriers, enzyme immobilization has been routinely used with various supporting materials and different immobilization methods.
3-6
The microenvironment that surrounds an immobilized enzyme can be signicantly changed when the free enzyme is immobilized on a solid carrier. Previous studies have shown that the microenvironment of an immobilized enzyme can determine the performance of the enzyme, with regards to its catalytic activity, stability, and selectivity.
7-9
In addition, macromolecular crowding and surface charge are important but neglected aspects of the enzyme microenvironment.
Up to 40% of the volume of the cytosol is well known to be occupied by a wide variety of macromolecules and solutes. 10 In recent years, the effects of crowding on enzyme activity have been investigated by various authors. 11, 12 Macromolecular crowding has been shown to affect enzyme kinetics and enzymatic reaction initial velocities in solution. Likewise, macromolecular crowding may also affect the performance of immobilized enzymes on solid carriers. Kao et al. found that the a-helical domain was sensitive to protein denaturation in a crowded microenvironment using circular dichroism (CD) and uorescence. The catalytic activity was enhanced mainly because of the crowding effect. 13 Liu et al. reported that the combined effects of macromolecular crowding on the performance of an immobilized enzyme was by accommodating lipase molecules into a series of mesoporous silicas with different amounts of inert poly(methacrylate) (PMA) covalently anchored inside the nanopores. 14 Likewise, the surface charge of immobilized enzyme carries is also a key factor in determining the properties of the enzymes. Studies have shown that the surface charge of the carrier can directly affect the cong-uration of an immobilized enzyme, the interaction between enzyme and carrier, and the degree to which the substrate is near the activity site of the enzyme molecule, which affects the catalytic efficiency of the immobilized enzyme. [15] [16] [17] From these initial ndings, macromolecular crowding and surface charge should also be considered for their inuence of immobilized enzymes.
Tauroursodeoxycholic acid (TUDCA) is widely used for treating human diseases. [18] [19] [20] The traditional strategy for preparing TUDCA is the chemical synthesis method. However, the complex process and by-products have limited its application. 7a-HSDH and 7b-HSDH have been exploited in the conversion of TCDCA to TUDCA (Fig. S1 †) . 21 To the best of our knowledge, no studies have reported on the macromolecular crowding effect or surface charge for improving the properties of immobilized 7a-HSDH and 7b-HSDH.
Epoxy resin and chitosan are commonly used as enzyme immobilization carriers, because of their many valuable chemical and biological properties.
22-25 Interestingly, we found that pore diameter and surface charge of immobilized enzyme carriers can be effectively adjusted by using different concentrations of chitosan in the modied epoxy resin. In addition, favorable conditions can be established for studying the effect of crowding and charge on the properties of immobilized enzymes.
In this work, we modied epoxy resin using different concentrations of chitosan, which allowed for adjustments in the degree of crowding and surface charge of the enzyme microenvironment. 7a-HSDH and 7b-HSDH were immobilized onto a series of carriers, and served as model enzymes. The activity and thermal stability of immobilized 7a-HSDH and 7b-HSDH were improved by changing the microenvironment. The catalytic efficiency and reusability were also improved with increased crowding and charge of the environment when both 7a-HSDH and 7b-HSDH were co-immobilized onto a series of carriers.
Methods

Materials
MC-150EP epoxy resin was purchased from Novocata Biotech Co. (Hangzhou, China). The chitosan akes (95% deacetylated) used in the experiments were purchased from Sangon Biotech Co. (Shanghai, China). The expression and purication of 7a-HSDH (EC 1.1.1.159) and 7b-HSDH (EC 1.1.1.201) were performed using a GST gene fusion system. 26 TCDCA and TUDCA standard samples were purchased from the National Institutes for Food and Drug Control (Beijing, China). Sodium taurine-7-ketolithocholic acid (T-7-KLCA) was synthesized by our laboratory. b-NADP + (purity $ 95%) and NADPH (purity $ 95%)
were purchased from Roche (Switzerland). The BCA protein assay reagent was purchased from Beyotime (Shanghai, China). Glutaraldehyde solution (concentration, 25%) was purchased from Kelong Chemicals (Chengdu, China). All other chemicals were analytical grade and used without further purication. Ultrapure water was used in all of the experiments.
Preparation of epoxy resin coated with chitosan
An appropriate amount of chitosan akes was added to 100 mL of 2% (v/v) acetic acid solution under continuous stirring at 150 rpm and 25 C for approximately 1 h. The gel was allowed to sit for 2 h to enable gas bubbles to escape. Next, 5 g of epoxy resin was added and stirred for 10 h at a stirring rate of 150 rpm at 25 C. Aer removing excess chitosan solution with vacuum ltration, the epoxy resin with chitosan was dropped into 150 mL of 3% (w/v) sodium tripolyphosphate (STPP) and stirred for 3 h. The epoxy resin with chitosan was then removed from the STPP bath, and washed several times with ultrapure water until reaching a neutral pH and stored at 4 C. The material was denoted as EP-n-C, where n (0.05, 0.1, 0.5, and 1) denotes the quality percentage concentration of chitosan in the modied epoxy resin.
Characterization methods
The chemical structure of the material was analyzed by FT-IR (5DX/550II, Nicolet, USA). Samples used for the FT-IR spectroscopic characterization were prepared by grinding the freezedried specimens with KBr and pressing them to form disks. Scanning electron microscope (SEM) images of the epoxy resin and the epoxy resin with chitosan were recorded with an SEM (EVOLS25, Zeiss, Germany). Confocal laser scanning microscope (CLSM) images were taken with a Leica TCS SP5 microscope (Leica, Wetzlar, Germany) at an excitation wavelength of 488 nm according to the FITC-labeled chitosan. The elemental analysis of the samples was performed with an elemental analyzer (Vario Macrocube, Germany). Nitrogen adsorptiondesorption isotherm measurements were taken at 77 K with an ASAP2010 gas adsorption analyzer to determine the pore-size distribution of the carrier material. Pore-size distribution curves were made with the Barrett-Joyner-Halenda (BJH) method. The isoelectric point was determined by electrophoretic laser Doppler anemometry with a Zetasizer (NanoZS90, Malvern, UK). Samples were prepared in deionized water and sonicated for 15 min before the zeta potential was measured. The pH of the solution was manually adjusted by adding 0.1 M HCl or NaOH to 5-10 mL of the suspension before measuring the zeta potential. The water contact angle was measured to conrm the surface hydrophilicity of EP and EP-n-C. Samples were prepared by grinding the freeze-dried specimens and pressing them to form disks.
Immobilization of 7a-HSDH and 7b-HSDH
7a-HSDH and 7b-HSDH were puried and immobilized onto the EP-n-C as follows: approximately 0.5 g of EP-n-C was activated with glutaraldehyde solution (5 mL, 0.025%). The activated EP-n-C (approximately 0.5 g) was suspended in 5 mL (1.2 mg mL À1 ) of 7a-HSDH or 7b-HSDH solutions in phosphate buffer (50 mM, pH 7.2-7.4) and stirred at 150 rpm at 15 C. Aer 4 h, the immobilized enzyme was washed three times in ultrapure water to remove unbound enzyme and then stored at 4 C.
The amount of 7a-HSDH or 7b-HSDH in the supernatant and washings was determined by the BCA protein assay reagent. The amount of 7a-HSDH or 7b-HSDH that was contained within the solid support was calculated from the difference in concentration of the enzyme solutions before and aer immobilization.
The co-immobilization of 7a-HSDH and 7b-HSDH was performed as follows: 5 mL of the dual-enzyme solution (containing 2.5 mL (2.4 mg mL À1 ) of 7b-HSDH and 2.5 mL (2.4 mg mL À1 ) of 7a-HSDH) was added to about 0.5 g of the activated resin. Aer 4 h, the immobilized enzyme was washed three times in ultrapure water to remove unbound enzyme and then stored at 4 C.
Activity assay, kinetic characterization and thermostability test
The 7a-HSDH (7b-HSDH) activity was measured for its catalytic conversion of TCDCA (TUDCA) by ultraviolet absorption of NADPH at 340 nm. The activity of immobilized 7a-HSDH (7b-HSDH) was determined in a total volume of 3 mL assay mixture containing 0.5 mM TUDCA, 0.2 mM NADP + , and 0.5 g of immobilized enzyme. Next, the ultraviolet absorption of the supernatant was detected at 340 nm. The control test (without enzyme) was carried out with the same procedure and recorded as zero. In the biotransformation of TCDCA to TUDCA, coenzyme NADP + was reduced to NADPH.
In the kinetic studies of TCDCA conversion catalyzed by 7a-HSDH and TUDCA conversion catalyzed by 7b-HSDH, the reduction of NADP + was measured in the range of substrate concentrations from 0.25 to 10 mM, using UV-vis spectrophotometry. Kinetic parameters were calculated using the Michaelis-Menten equation.
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To test the thermostability of 7a-HSDH and 7b-HSDH, free 7a-HSDH (or 7b-HSDH) solution and immobilized 7a-HSDH (or 7b-HSDH) were incubated at a specic temperature (15 to 55 C)
in a thermostatically-controlled water bath for 2 h. The residual activity of the thermally-treated immobilized 7a-HSDH (or 7b-HSDH) was calculated by taking the initial activity, without thermal incubation (considered as being kept at 15 C) as 100%.
Catalytic conversion of TCDCA using co-immobilized enzymes
Approximately 0.5 g of TCDCA was added to 100 mL of Tris-HCl buffer (50 mM, pH 8.5) and treated with ultrasound for 5 min (the stock solution). Then, 0.5 g of the co-immobilized enzymes, aer being activated with a suitable amount of glutaraldehyde solution, and 0.4 mL of NADP + (50 mM) were mixed with 6 mL of TCDCA (6 mM) at a stirring rate of 150 rpm and incubated for 4 h. The solution was ltered to separate the immobilized dualenzymes, which were then washed three times with Tris-HCl buffer (50 mM, pH 8.5). The products were freeze-dried before being used in the following experiments. TCDCA and TUDCA were evaluated by HPLC coupled with evaporative lightscattering detection (ELSD). The results were evaluated in terms of the conversion of TCDCA and the yield of TUDCA using the following equation.
TUDCA yield ¼ the total amount of TUDCA ðmolÞ the amount of TCDCA additionðmolÞ
Recycling experiments consisted of adding fresh TCDCA and NADP + to the co-immobilized enzymes every 7 cycles.
Results and discussion
Properties of 7a-HSDH and 7b-HSDH
For the immobilized enzymes, the performance of the free enzyme directly determines the performance of the immobilized enzyme. Therefore, the properties of 7a-HSDH and 7b-HSDH are important. The charge and surface properties of 7a-HSDH and 7b-HSDH (the structure of 7a-HSDH has been submitted to the Protein Data Bank (PDB code: 5EPO), while the structure of 7b-HSDH has not yet been submitted to the PDB) were examined by calculating the amino acid composition of the enzyme and their relative pK a values ( Fig. 1a and b) . Based on the amino acid composition and the structure submitted to the PDB, ANTHEPROT 6.0 considers the shape and curvature of the enzyme molecule in its electrostatic potential calculations. Consequently, the charges of the enzyme at different pH values can be estimated. The specic method was as follows: enter the amino acid sequence of 7a-HSDH (GenBank: AET80685.1) and 7b-HSDH (GenBank: AET80684.1) into the ANTHEPROT 6.0, separately. Use the titration curve function to draw the isoelectric point. As our team has determined the crystal structure of 7a-HSDH and 7b-HSDH, we obtain the nal structure in the PDB les. Open the PDB les for 7a-HSDH and 7b-HSDH with the PYMOL soware and then perform the vacuum electrostatic action to generate the Poisson Boltzmann electrostatic surface potential of 7a-HSDH and 7b-HSDH. The calculated isoelectric point (pH i ) for 7a-HSDH and 7b-HSDH were 5.635 and 5.575, respectively ( Fig. 1a and b) . The protein net charge was calculated based on the pK a values for the individual amino acids, and Poisson Boltzmann electrostatic potential calculations were performed within the PYMOL program ( Fig. 1c and d) . The electrostatic calculations for the surface of 7a-HSDH and 7b-HSDH indicate that the surface is negatively charged at pH 7, which is TCDCA conversion ¼ the amount of TCDCA addition ðmolÞ À the amount of TCDCA residues ðmolÞ the amount of TCDCA addition ðmolÞ Â 100%
consistent with the isoelectric point (pH i ) of the protein. Interestingly, the active sites of 7a-HSDH and 7b-HSDH are predominantly positively charged. Size exclusion chromatography (SEC) was used to determine the molecular weight distribution and the results indicate that in the CA, 7a-HSDH mainly exists as a dimer.
26 Therefore, the widest dimensions of 7a-HSDH and 7b-HSDH were calculated by the farthest distance between two amino acids with 7a-HSDH and 7b-HSDH existing as dimers (Fig. 1e and f) . The results indicate that the widest dimensions of 7a-HSDH and 7b-HSDH were approximately 7.7 nm and 8.3 nm, respectively. This experiment suggests that if 7a-HSDH and 7b-HSDH were immobilized on a porous material with pore entrances greater than 8.3 nm, 7a-HSDH and 7b-HSDH could enter into the inner holes of the porous material.
Chitosan modied epoxy resin and its characterization
Epoxy resin has an active group (epoxy group), which has a high reaction activity and plasticity, so that it can react with many groups, such as amino, hydroxyl, imidazole, or carboxyl.
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Meanwhile, chitosan is rich in amino groups and has been widely studied as an excellent enzyme carrier. 24, 29 Epoxy resin could theoretically be modied with chitosan to take advantage of the properties of epoxy resin and chitosan. EP-0.5-C was measured to determine whether or not the modication was successful.
The FT-IR spectra of chitosan, epoxy resin, and EP-0.5-C are compared in Fig. S2 . † The bands at about 3400 cm À1 and 1642 cm À1 were characteristic vibration absorptions for N-H on the surface of the chitosan and EP-0.5-C. The experiment revealed that the epoxy resin could be successfully modied with chitosan.
The elemental analysis showed that the composition of the epoxy resin was 59.69% (C), 6.6% (H), 0.073% (N), and 0.618% (S), whereas the composition of EP-0.5-C was 58.17% (C), 6.519% (H), 0.315% (N), and 0.457% (S). The low concentration of nitrogen in the epoxy resin was due to the interference of nitrogen in the air, while its higher concentration in EP-0.5-C was due to presence of chitosan. The morphology of the epoxy resin and EP-0.5-C was analyzed by SEM (Fig. S3 †) . The SEM images of epoxy resin (Fig. S3a †) indicate that the average size of the microbeads of epoxy resin was 150-270 mm, and they appeared to be spherical and uniform. To conrm that the epoxy resin had been successfully modied with chitosan, the epoxy resin microbeads were coated with FITC uorescein-labeled chitosan for uorescence imaging and confocal laser scanning microscopy (CLSM) imaging. Fig. S4a † shows uorescence images of the FITC uorescein-labeled chitosan coated epoxy resin. The chitosan coating could also be seen on the exterior of the epoxy resin microbeads. Fig. S4b † shows images from CLSM of the FITC uorescein-labeled, chitosan coated epoxy resin. The results show that the distribution proles of chitosan within the microbeads is highly dependent on pore size. Thus, chitosan could successfully modify the epoxy resin not only by coating the exterior of the epoxy resin microbeads, but also by entering into the microbeads.
Physicochemical properties of EP-n-C
From the SEM analysis, epoxy resin and EP-0.5-C have uniform porous structures. The BET surface area (S BET ), pore diameter (D BJH ), and total pore volume (V p ) of EP-n-C all decrease with increasing quality percentage concentrations of chitosan within the samples (Table 1) , presumably owing to the occupation of pore spaces by chitosan. EP and EP-n-C exhibit large pore openings (approximately 18-31 nm) that should easily allow 7a-HSDH and 7b-HSDH (approximately 7.7 nm and 8.3 nm, respectively) to enter the mesoporous channels ( Fig. 1e and f) . The decreasing pore diameters (D BJH ) also provides an opportunity for investigating the macromolecular crowding effect for immobilized enzymes.
The surface hydrophobicity of EP-n-C was investigated by the water contact angle of EP-n-C. The results reveal that the surface hydrophobicity of EP-n-C increases with increasing quality percentage concentrations of chitosan (Table 1) . Nevertheless, the water contact angle only increased slightly (from 43.4 AE 2.1 to 48.7 AE 2.3
) from EP to EP-1-C. Thus, these results suggest that the surface hydrophobicity of EP-n-C is not the main reason for the loading and activity of the enzyme.
From Fig. 2 , the zeta potential of EP and EP-0.05-C as a function of PH yields an isoelectric point of 4.3. The isoelectric point increases with the increasing concentration of the modied chitosan. The isoelectric point of EP-0.5-C and EP-1-C were about pH 7.4 (pH 7.2-7.4) in PBS, a commonly used buffer. Previous studies have shown that immobilized 7a-HSDH and 7b-HSDH have higher loading and activity in PBS buffer (pH 7.2-7.4). At pH 7.4, EP-0.5-C and EP-1-C are almost without charge, and EP, EP-0.05-C, and EP-0.1-C have varying degrees of negative charge.
Activity of 7a-HSDH and 7b-HSDH immobilized onto EP-n-C
To examine whether or not the activity of immobilized enzyme is inuenced by the microenvironment, in terms of crowding and charge, 7a-HSDH and 7b-HSDH were immobilized onto EP and EP-0.05-C, respectively, in PBS (pH 7.2-7.4). The EP was pretreated by washing three times with ultrapure water and then ultraltered until dry, and the EP-n-C was activated with glutaraldehyde solution (0.025%). The loading of 7b-HSDH (L 7b-HSDH ) was markedly lower than that of 7a-HSDH (L 7a-HSDH ) under similar conditions (Table 1) , presumably due to the greater net charge of 7b-HSDH (À5.3), compared to 7a-HSDH (À3.2) at pH 7.2-7.4. EP and EP-n-C have varying degrees of negative charge, which creates more difficulty for the 7b-HSDH to close the carrier in the cross-linking reaction. The loading of 7a-HSDH (L 7a-HSDH ) is slightly different for EP and EP-n-C (10.29 AE 0.30 to 10.46 AE 0.21 mg g À1 ), and the loading of 7b-HSDH (L 7b- Table 1 Textural parameters of carriers and the loading of 7a-and 7b-HSDH, and surface hydrophobic properties 
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HSDH ) has the same experimental results (9.17 AE 0.32 to 9.22 AE 0.31 mg g À1 ). The pore diameters of EP and EP-n-C (31 to 18 nm)
were sufficiently large to allow the 7a-HSDH and 7b-HSDH (approximately 7.7 nm and 8.3 nm, respectively) molecules to enter the mesoporous channels. The pore diameters of EP and EP-n-C decrease with increasing concentrations of chitosan, indicating an increasing degree of crowding in the immobilized enzyme systems within pores with higher concentrations of chitosan.
The activities of immobilized 7a-HSDH and 7b-HSDH were measured by changes in UV-absorption from the reduction of NADP + to NADPH in the conversion of TCDCA to TUDCA. The highest enzyme activity was dened as 100%. The relative activities of the immobilized enzymes were calculated as shown in Fig. 3 .
The results indicate the highest activity when 7a-HSDH and 7b-HSDH were immobilized onto EP-0.5-C under similar conditions. The relative activities of immobilized 7a-HSDH and 7b-HSDH onto EP were 9.6% and 48.7%, respectively. For EP that was modied with chitosan, the relative activities gradually increased until reaching the maximum relative activity (100%), which was achieved by 7a-HSDH and 7b-HSDH immobilized onto EP-0.5-C. The next highest relative activities (93% and 98%) were achieved by 7a-HSDH and 7b-HSDH immobilized onto EP-1-C. Two possible explanations may be given for the change in immobilized enzyme activity. On the one hand, at pH 7.2-7.4, EP-0.5-C and EP-1-C are almost without charge. EP, EP-0.05-C, and EP-0.1-C have varying degrees of negative charge. Although 7a-HSDH and 7b-HSDH are negatively charged at pH 7.2-7.4, the microenvironments at the enzyme active centers are positively charged. During the immobilization, the active sites of 7a-HSDH and 7b-HSDH are attracted by an electrostatic force with EP, EP-0.05-C, and EP-0.1-C, so that their active sites that are close to the carrier would block the enzyme active site, and reduce the possibility of substrate being near the enzyme active site. At the same time, the active sites of 7a-HSDH and 7b-HSDH were not affected since EP-0.5-C and EP-1-C carried no net charge. Consequently, the relative activities of the two enzymes immobilized onto EP-n-C (n ¼ 0.5, 1) were higher than those of 7a-HSDH and 7b-HSDH immobilized onto EP and EP-n-C (n ¼ 0.05, 0.1) (Fig. 3) . On the other hand, the degree of crowding in immobilized enzyme systems within the pores increases with increasing concentrations of chitosan. This increase in enzyme activity has been widely reported to be due to macromolecular crowding. [30] [31] [32] It is reasonable to presume that the macromolecular crowding effect may play a signicant part in improving the enzyme activity of immobilized 7a-HSDH and 7b-HSDH.
The Michaelis-Menten kinetics of free HSDH and immobilized HSDH were also studied ( Table 2 ). In Table 2 , with the increasing degree of crowding around the immobilized enzyme, the corresponding K m values of the immobilized 7a-HSDH and 7b-HSDH show a decreasing trend. This reects an enhanced affinity between the active sites of the enzyme and the substrate molecules. Jiang reported that, in protein solution systems, macromolecular crowding could improve the intrinsic catalytic efficiency of an enzyme by enhancing its affinity for the substrates, as seen with the decrease in the Michaelis-Menten constant (K m ). 33 This could also contribute to the increased enzyme activity in our system.
Stability of 7a-HSDH and 7b-HSDH immobilized onto EP-n-C
The thermal stability of free 7a-HSDH and 7b-HSDH and the immobilized enzymes was evaluated by measuring their residual activities at 25 C aer being incubated for 2 h at an elevated temperature (15-55 C) . The results are shown in Fig. 4 .
Obviously, the thermal stability of immobilized 7a-HSDH and 7b-HSDH was better than the thermal stability of the free Fig. 3 Relative activities of 7a-HSDH (a) and 7b-HSDH (b) immobilized onto EP and EP-n-C, and the schematic illustration of active site close to the carrier. enzymes. Free 7a-HSDH and 7b-HSDH were highly sensitive to temperature and a signicant decline in activity was seen when incubation was at 25 C. The relative activities of 7a-HSDH and 7b-HSDH were 46.47% and 50.34%, respectively. The activities of free 7a-HSDH and 7b-HSDH were hardly detectable when they were treated at 45 C for 2 h. As an explanation, aer the enzyme was immobilized on the carrier, the rigidity of the enzyme domain structures is strengthened and the exibility of the enzyme is weakened. External forces are smaller in inu-encing the enzyme conguration; thus, the thermal stability of the immobilized 7a-HSDH and 7b-HSDH is greater than that of the free enzymes. Immobilized 7a-HSDH and 7b-HSDH onto EP showed better thermal stability than the free enzymes, but the activity still decreased with increasing temperature. When 7b-HSDH was immobilized onto EP-0.5-C, no remarkable loss in activity was detected over the temperature range (15-45 C) and 88.35% activity was retained, even aer incubation at 45 C.
With 7a-HSDH immobilized onto the EP-n-C, the thermal stability in the temperature range (15-45 C) was enhanced with increasing concentrations of chitosan. All immobilized enzymes had lower activities aer the thermal treatment for 2 h at 55 C, indicating that immobilized 7a-HSDH and 7b-HSDH are unsuitable for use at temperatures above 55 C. Many studies have shown that a crowded microenvironment around an enzyme is conducive to their thermal stability, mainly due to the crowding effect that can shi the equilibrium in favor of the more-compact native (folded) state of the enzyme. 32, 34, 35 An equilibrium statistical-thermodynamic model primarily developed from Minton predicts that macromolecular crowding should increase a protein's thermal stability (T m ) by a magnitude of [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] C under physiological solute conditions. 36 The pore diameter (D BJH ) of EP-n-C was changed to a large extent (30-18 nm) by different concentrations of chitosan in the modied epoxy resin, and to a slight extent by the surface hydrophobic properties. In our case, macromolecular crowding and the thermal stability of the immobilized 7a-HSDH and 7b-HSDH have a close relationship. The epoxy resin modied with different concentrations of chitosan is preferred for improving the thermal stability of immobilized 7a-HSDH and 7b-HSDH.
Catalytic efficiency and reusability of co-immobilized 7a-HSDH and 7b-HSDH
The activity and thermal stability of 7a-HSDH and 7b-HSDH immobilized on EP and EP-n-C were investigated in the previous experiments. The results show that the activity and thermal stability of the immobilized 7a-HSDH and 7b-HSDH increase with the concentration of chitosan, to various degrees. Nevertheless, the synthesis of TUDCA requires multi-step reactions by 7a-HSDH and 7b-HSDH, and a single immobilized enzyme does not satisfy the demands for the reaction. In addition, our experiments show that the co-immobilized 7a-HSDH and 7b-HSDH have higher TCDCA conversions and TUDCA yields, when compared to simple mixtures of immobilized 7a-HSDH and 7b-HSDH for the catalytic conversion of TCDCA. 21 Therefore, we co-immobilized 7a-HSDH and 7b-HSDH on EP and EPn-C (n ¼ 0.05, 0.1, 0.5, 1) to explore the inuence of macromolecular crowding and surface charge on the catalytic conversion of TCDCA and enzyme reusability.
The results of catalytic conversion of TCDCA using the dual enzyme co-immobilization on different carriers are shown in Table 3 . Immobilized dual-enzymes on EP displayed the lowest TCDCA conversions and TUDCA yields of 39.8 AE 1.84% and 14.48 AE 0.14%, respectively. The conversion of TCDCA and the yield of TUDCA are greatly improved with increasing concentrations of chitosan. When 7a-HSDH and 7b-HSDH were coimmobilized on EP-0.5-C and EP-1-C, the conversion of TCDCA was 85.45 AE 0.36% and 85.47 AE 0.46%, respectively, and the yield of TUDCA was 55.03 AE 2.01% and 55.12 AE 0.17%, respectively. These results are consistent with the activity of single, immobilized 7a-HSDH and 7b-HSDH. This indicates that the macromolecular crowding and surface charge improved the activity of immobilized enzyme, which in turn, improved the catalytic efficiency of the immobilized enzyme.
The reusability of immobilized enzymes is an important index for evaluating the performance of immobilized enzymes in specic applications. The effect of macromolecular crowding around an immobilized enzyme can also inuence the reusability of the immobilized dual-enzymes in catalytic Fig. 4 Residual activities of 7a-HSDH and 7b-HSDH immobilized onto EP and EP-n-C after incubation for 2 h at different temperatures. conversions of TCDCA (Fig. 5) . The conversion of TCDCA by an enzyme that is co-immobilized on EP presents an apparent decrease from 39.8 AE 1.84% to 22.33 AE 1.59%, and a decreased yield of TUDCA from 14.48 AE 0.14% to 2.1 AE 0.2% aer seven successive cycles. When the dual-enzymes are immobilized on EP-0.5-C and EP-1-C, the TCDCA conversion is still 83.72 AE 0.66% and 84.32 AE 0.55%, respectively, and the TUDCA yield is 51.54 AE 0.67% and 51.14 AE 0.95%, respectively. These results clearly demonstrate that EP-n-C has greater recycling stability, compared to EP. The reusability of the immobilized dualenzymes on EP-n-C is better with the crowded microenvironment of the immobilization enzyme systems inside the pores, with increasing concentrations of chitosan. The reusability of the immobilized enzymes can thus be improved with the crowded microenvironment.
Conclusions
In summary, a series of new carriers were produced by using different quality percentage concentrations of chitosan to modify epoxy resin. Nitrogen adsorption-desorption isotherms and isoelectric points of the series of carriers demonstrated that the crowding effect and charge of the immobilized enzyme microenvironments were altered by the different concentrations of chitosan. Although a series of carriers had similar loading capacities, the increased crowding and charge of the enzyme environment can improve the properties of the immobilized 7a-HSDH and 7b-HSDH, in terms of activity and thermal stability. When 7a-HSDH and 7b-HSDH were co-immobilized on EP and EP-n-C, the catalytic efficiency and reusability were improved with increased crowding and charge of the enzyme environments. Our ndings suggest that crowding and charge of the immobilized enzyme microenvironment play a signicant part in improving the properties of the immobilized enzymes. Our experiments also provide a novel approach for creating more efficient carriers for immobilized enzymes in industrial applications.
